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ABSTRACT: A new front-end architecture dedicated to 60 GHz high-
speed short-range communications is proposed. Multiport circuits based
on hybrid couplers are intensively used for both phased antenna array
and down-conversion. The front-end, integrated in planar technology on
ceramic substrate, use several IF quadrature conversion circuits, corre-
sponding to multiple directions of arrival. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 50: 1371–1376, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.23367
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Figure 2 The orientations of the unit vectors k̂j � kj/kj and ˆPj � Pj/Pj� j � �1,4�� ) in the xz plane for � � 4k0,� � 3,�g � 1,�z � 2.5,�
� 10,�g � 6,�z � 7,� � 2,�g � 0.5 and �z � 1.5. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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1. INTRODUCTION

The 7 GHz unlicensed band around 60 GHz offers the opportunity
for many communication services requiring high data-rate to move
toward millimeter-wave frequencies [1]. Millimeter-wave wireless
personal networks (WPAN) will be designed to provide short-
range, high-speed multimedia data services to terminals in rooms
or office space [2]. As known, compared to the circuits at the
lower-end of the microwave spectrum, millimeter-wave circuits
have the advantage of miniaturization due to the increased oper-
ating frequency. Moving to higher frequencies also reduces the
antenna dimensions, which are inversely proportional to carrier
frequency. Therefore, an antenna array can be used in order to
increase the overall gain with respect of compact size.

There are many challenges for the millimeter-wave circuits
such as the necessity of low-cost and high power-efficiency, and of
accurate models using computer aided design. Because of the
shorter wavelength, a good circuit design must be less influenced
by the inherent fabrication errors. Various millimeter-wave front-
end architectures, fabrication technologies, and modulation
schemes were proposed in recent years.

Monolithic microwave integrated circuit (MMIC) technology
becomes a viable option for 60 GHz wireless systems. Millimeter-
wave circuits for a 60 GHz front-end have been initially designed
in commercial 0.14 �m GaAs pHEMT [3] and 0.25 �m SiGe HBT
technologies [4]. The CMOS technology is the MMIC lowest cost
option, and, with its rapid improvement due to continual scaling, it
becomes viable to address millimeter-wave market. A fully inte-
grated CMOS solution has the potential to drastically reduce costs
enough to hit consumer price points. Various design for future 60
GHz CMOS radios are presented in [5]. A 60 GHz direct conver-
sion receiver using conventional circuits and architectures has
been recently designed in 0.13-�m CMOS technology [6]. With a
fT of 75 GHz, the receiver would suffer from poor performance
unless passive resonant devices are exploited in the design. This
front-end has a noise figure of 12.5 dB and an overall gain of 28
dB. The author suggests the use of two antennas and receivers
operating in parallel in order to achieve the required signal to noise
ratio.

Monolithic hybrid microwave integrated circuit (MHMIC)
technology remains the lowest cost option for prototype or small-
scale millimeter-wave circuit fabrication. A compact integrated
antenna with direct quadrature conversion using a sub-harmonic
mixer operating at 40 GHz is proposed in [7]. The use of anti-
parallel diode conventional mixer determinates a relatively poor
overall conversion gain (RF to baseband) of �14.6 dB using a high
20 GHz LO power of 11.8 dBm. However, this type of front-end
containing microstrip patch antenna and related down-converter on
the same ceramic substrate enables a simple, compact, light-
weight, and low-cost design of millimeter-wave transceivers. A
subharmonic self-oscillating mixer with integrated quasi-Yagi an-
tenna for 60 GHz wireless applications is proposed in [8]. This is
a compact planar microstrip design on 5 mil alumina substrate,
having an overall conversion gain of �15 dB. The 30 GHz LO
dielectric resonator uses two HEMT transistors wire-bonded to the
substrate.

On the basis of the previous remarks, we can conclude that a
low-cost millimeter-wave front-end prototype employing antenna
array is suitable to be designed on planar substrate in MHMIC
technology. The antenna array with adaptive electronically steer-
able beams will allow mobility, and easy setup compared to
directional one using fixed high gain. On the basis of our previous
expertise [9–11], we propose the use of multiport circuits for both
antenna array and down-converters. The multiport down-convert-

ers will reduce the required LO power comparing to conventional
millimeter-wave ones. The phased antenna array will provide high
directivity and an increased overall gain of the front-end compared
to previous low-cost microstrip implementations. In addition, the
new front-end architecture using antenna array and multiple down-
converters, as presented in this article, will achieve better signal to
noise performances.

2. PROPOSED FRONT-END ARCHITECTURE

The proposed 60 GHz receiver is designed to achieve an output
signal to noise ratio (C/N)out of at least 10 dB, for up to 1 Gb/s
data-rate at 10 m maximum range, according to the IEEE
802.15.3c standard [1].

As known, the minimum required input signal power to obtain
a specified signal to noise ratio is expressed by:

Pr � K�TA � �F � 1�T0�B�C

N�
out

(1)

In the previous equation, K is the Boltzmann constant and T0 is the
room temperature. Assuming a receiver overall noise figure F �
12 dB, a bandwidth B � 1 GHz and an antenna temperature TA �
300 K, a minimum input signal power of �62 dBm is necessary to
obtain the required signal to noise ratio.

In addition, millimeter-wave communications have additional
propagation loses compared to microwave communications for
fixed antenna gains. Assuming simple line-of-sight free-space
communication and using Friis equation, the received signal power
is:

Pr � � �0

4	R�
2

GtGrPt � AfsGtGrPt (2)

In this equation, Pr depends on the transmitter power Pt, the
transmitter and receiver antenna gains, Gt and Gr, and the free-
space loss factor (�0/4	R)2 which takes into account the losses due
to the spherical spreading of the energy by the antenna; R and �0

represent the distance between the transmitter and receiver, and the
free-space wavelength, respectively. Therefore, an additional
20-dB loss is expected for a system operating at 60 GHz compared
to 6 GHz. At 60 GHz the free-space attenuation Afs is as high as
68 dB for 1 m and 88 dB for 10-m range.

Using the previous results, we can conclude that, with a max-
imum transmitter power Pt of �10 dBm [1], the minimum required
input signal can be obtained at 10-m range if the gain of antennas
is at least 8 dB. Fortunately, the antenna gain can be improved
using antenna array. Because of the reduced wavelength of milli-
meter-wave signals, these arrays are small enough to be directly
integrated into a planar substrate. The main benefits of the antenna
array architecture are the increased gain and high directivity (es-
sential to support very high data-rates at typical indoor distances),
and the spatial diversity that it provides.

Figure 1 shows the schematic view of the geometrical model of
the four-element planar antenna array. The patch antennas are
spaced by �0/2, where �0 is the free-space wavelength. Because of
the angle of arrival 
, a difference between two propagation paths,
�x, will appear. Consequently, the RF input signals will be phase
shifted one versus the other by an angle Df. As known, this phase
shift is directly related to the path difference which is expressed as:

�xi � �0 �
��i

2	
, i � 2 to 4 (3)
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Using the previous equation and the geometrical model of Figure
1, the angle of arrival can be obtained as:

sin
 �
�xi

�i � 1�
�0

2

�
��i

�i � 1�	
, i � 2 to 4 (4)

Figure 2 shows the block diagram of a four element antenna array.
Its architecture is based on a 4 	 4 Butler matrix having an
original topology adapted to millimeter-wave frequencies, which
avoids any cross line [12]. The four patch antennas are connected
to a multiport circuit having four inputs and four outputs. This
circuit is composed of four 90° hybrid couplers and two 45° phase
shifters, realized using �g/8 transmission lines. Because of their
small dimensions, the patch antennas are integrated on the same
substrate.

To calculate the multiport output signals, b5 to b8, the pattern
factor of a patch antenna in the H-plane is considered [13]:

FH�
� � cos
 �

sin�� � W

2
� sin
�

� � W

2
� sin


(5)

In this equation, � is the free-space propagation constant and W is
the patch width, selected to obtain a proper radiation resistance R
to the input (W � �g/2 � �0/�2�
eff� ; R � 50 
). Hence, the
previous equation becomes:

FH�
� � cos
 �

sin� 	

2�
eff

� sin
�
	

2�
eff

� sin


(6)

According to Eqs. (3) and (4), and the geometrical model of Figure
1, the four input signals of the multiport antenna array, a1 to a4,
are:

ai � a exp� � j��i� � FH�
� � a exp� � j�i � 1�	 � sin
� � FH�
�,

i � 1 to 4 (7)

The S matrix of the 90° hybrid coupler is given by the following
equation:

�S� �
1

�2�
0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0

� (8)

Based on the block diagram of Figure 2, the four multiport output
signals are:

b5 �
1

2
� � a1 � e�j

	

4 � ja2 � ja3 � e�j
	

4 � a4� � FH�
� (9)

b6 �
1

2
� ja1 � ja2 � e�j

	

4 � a3 � ja4 � e�j
	

4� � FH�
� (10)

b7 �
1

2
� ja1 � e�j

	

4 � a2 � a3 � e�j
	

4 � ja4� � FH�
� (11)

b8 �
1

2
�a1 � ja2 � e�j

	

4 � ja3 � a4 � e�j
	

4� � FH�
� (12)

Figure 3 shows the computed normalized output signals versus the
angle of arrival using the previous equations. For each output
signal, an individual maximum is obtained by shifting 
 in 180°
range. The side-lobes are at least 8 dB below the main lobe and the
angles of arrival corresponding to maximum signals are around:
�45°, �15°, 15°, and 45°. Therefore, the main lobe of the antenna
array can be shifted by 30° multiplies. The phased array outputs
can be used as inputs into a multiple-input multiple-output
(MIMO) millimeter-wave front-end.

The second multiport is the key component of the millimeter-
wave down-converter. The block diagram of this circuit with
corresponding signals is presented in Figure 4. This circuit uses the
same hybrid coupler as the multiport antenna array. We note that
the LO millimeter-wave is connected at Port 5 and the RF input is
injected to Port 6. As previously demonstrated in [10, 11], I/Q
down-conversion is performed using power detectors and differ-
ential amplifiers:

i�t� � K1 � ��b3�2 � �b1�2� � K2 � ��t� � �a�2 � cos����t�� (13)

q�t� � K1 � ��b4�2 � �b2�2� � K2 � ��t� � �a�2 � sin����t�� (14)

Figure 1 The schematic view of the geometrical model of four element
antenna array

Figure 2 The block diagram of the antenna array based on multiport
circuits
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The quadrature signals are function of the instantaneous amplitude
ratio �(t) and the phase shift ��(t) between the RF input signals.
Their amplitudes depend on the millimeter-wave LO amplitude, a,
and of some constants, K1 and K2. Therefore, the demodulation of
MPSK or QAM signals is directly performed.

A typical block diagram of a millimeter-wave heterodyne re-
ceiver which uses the second multiport, MP 2, is illustrated in
Figure 5. Because of its performance, the use of this architecture is
suitable for a low-cost millimeter-wave receiver. First, millimeter-
wave multiport down-converter, MP DC, requires a reduced LO
power by at least 10–15 dB compared with conventional architec-
tures [14]. A maximum millimeter-wave LO power of �10 dBm
is enough to achieve excellent down-conversion results. Second,
using a heterodyne architecture, the millimeter-wave LO drift can
be easily compensated using a loop signal (generated by the signal
processing SP block of the IF demodulator, IF D) connected to the
second LO. Therefore, a costly millimeter-wave LO can be
avoided without reducing the system performance. Finally, this

heterodyne architecture can provide the receiver required overall
gain of around 70 dB.

The block diagram of a 60 GHz MIMO receiver using the
proposed multiport front-end is presented in Figure 6. The multi-
port antenna array, MP 1, is connected directly to four identical
multiport down-converters. This low-cost implementation of the
millimeter-wave front-end contains only passive circuits and the
related power detectors, excepting the millimeter-wave local os-
cillator. Therefore, the overall noise figure will increase because
no LNA is used. The expected value of the noise figure F is around
19 dB. According to Eqs. (1) and (2), and considering the same
antenna gains, the bandwidth must be reduced to 200 MHz to
obtain the same C/N ratio of 10 dB for a WPAN maximum range
of 10 m. However, the bandwidth (and related data-rate) can
increase at 500 MHz or 1 GHz for 7- or 4-m range, respectively,
by keeping the same C/N ratio. Hardware improvements such as an
increased antenna gain, reduced insertion and down-conversion
losses (signifying a reduced F), and advanced modulation schemes

Figure 3 Computed normalized multiport antenna array output signals
versus the angle of arrival

Figure 4 The block diagram of the multiport circuit used for millimeter-
wave down-converter

Figure 5 The simplified block diagram of the millimeter-wave hetero-
dyne receiver

Figure 6 The simplified block diagram of the proposed antenna array
millimeter-wave receiver
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will allow higher data-rates using this proposed low-cost architec-
ture. In addition, the BER can be also reduced by appropriate
signal processing techniques, even if the C/N ratio decreases due
to an increasing data-rate.

3. MILLIMETER-WAVE MULTIPORTS

Multiport circuits are designed on MHMIC technology using a
ceramic substrate of 9.9 relative permittivity and 125 �m thick-
ness. As shown in Figures 2 and 4, the multiports are composed of
hybrid couplers and transmission lines. The required phase shifts
are obtained using appropriate length of the transmission lines
which interconnect these couplers. The central frequency was
chosen at 61 GHz.

Figure 7 shows the lay-out of the proposed multiport antenna
array based on the block diagram of Figure 2. Antenna patches are
spaced by �0/2 � 2.45 mm and connected to hybrid couplers. The
antennas are placed in opposite position, alternatively, in order to
decrease losses by avoiding cross lines. The lengths of transmis-
sion lines are critical and are optimized by successive advanced
design system (ADS) Momentum simulations, in order to obtain
required transmission S parameter phases. A rounded geometry of
the 90° hybrid coupler, instead of the conventional squared one, is
used to improve S parameter performances over the frequency
band. Its return losses and isolations are less than �30 dB in a 1
GHz band, and an equal power split having a supplementary
insertion loss of 0.25 dB is obtained exactly at the central fre-
quency. The phase difference between the two output ports is
exactly 90° over more than 2 GHz band. Furthermore, all the
connection lines are also rounded to avoid corner reflections.
Therefore, the overall multiport S parameters are excellent in a 1
GHz frequency band. The size of whole multiport is 9 mm by
14 mm.

Each output of the multiport antenna array is directly connected
to a multiport down-converter, which uses the same 90° hybrid
coupler. The lay-out of the MP 2 is presented in Figure 8. The size
of this multiport is 3 mm by 3 mm. The IF signals are generated
using power detectors (Schottky diodes) connected at multiport
outputs, as seen in Figure 5.

We note that it is possible to integrate all components of the
millimeter-wave front-end on the same ceramic substrate. The LO
signal can be injected at corresponding MP 2 inputs and split using
Wilkinson power dividers or hybrid couplers. The estimated size
of millimeter-wave front-end, excepting the LO, is around 10 mm
by 20 mm.

Multiport antenna array ADS Momentum post-processing 2D
visualizations show four distinct beams located at �45°, �15°,

15°, and 45°, as previously computed using Eqs. (9) to (12). The
2D normalized radiation patterns are illustrated in Figure 9 for the
corresponding input signals a5 to a8. Each radiation pattern is
obtained considering a single port excitation, indicated on the
corresponding pattern. The other ports are connected to 50-

loads. As seen, the side-lobes are at least 10 dB below the main
lobe. Momentum post-processing analysis shows corresponding
antenna array gains of 8.3, 7.4, 7.4, and 8.3 dB, respectively.
Considering that the antenna array is used in a front-end receiver,
if the direction of arrival is �45°, the corresponding gain is 8.3 dB
and the optimum antenna array output is Port 5. If the angle of
arrival increases by 30° multiples, the optimum outputs are to
Ports 6–8, respectively. Compared to the antenna proposed in
[12], even if the operation frequency is increased by 50%, the
antenna array S parameter performances are improved by adopting
an appropriate design of components at millimeter-wave frequen-

Figure 7 The lay-out of the proposed antenna array based on multiport
circuit

Figure 8 The lay-out of the second multiport circuit

Figure 9 Simulated 2D normalized radiation patterns of antenna array
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cies. Improved performances are also obtained in terms of side-
lobe levels (less than �10 dB versus �7 dB in [12]) and the scan
sector of the array (90° versus 62° in [12]). Simulation results
show a very good match with the theoretical ones in terms of the
number, the level, and the direction of the side-lobes.

Supposing a perfect synchronism and no additional noise, Fig-
ure 10 shows various simulation results of the demodulated con-
stellations using the proposed multiport heterodyne architecture
for various high-speed MPSK/QAM signals: 100 Mb/s for QPSK,
200 Mb/s for 8PSK and 16 QAM, and 400 Mb/s for 16PSK. As
seen, all clusters of the demodulated constellations are very well
positioned and individualized. Because of the differential approach
and the multiport design, the DC offset represented by the distance
between the central point and the origin is almost zero. To cope
with data-rates between 100 and 400 Mb/s, the IF of the hetero-
dyne receiver was chosen at 900 MHz. If the data-rate is increased
to 1 Gb/s, the IF can be chosen at 2.45 or 5.8 GHz.

The second frequency conversion uses conventional mixers
according to the block diagram of Figure 5. Simulated BER results
are also excellent, even if an important millimeter-wave LO fre-
quency error from synchronism (up to 25 MHz, dynamically
compensated using the second LO) is considered. The BER values
are less than 10�5 for energy per bit to noise power spectral
density (Eb/No) ratio of 10 dB. Compared with the direct conver-
sion, due to the heterodyne architecture, an improved overall gain
was obtained, essential to compensate the high value of free space
attenuation loss at 60 GHz frequency band. These results prove
that this simple multiport architecture can be suitable for low-cost
millimeter-wave receivers of future 60 GHz WPAN applications.

4. CONCLUSION

A new V-band millimeter-wave multiport heterodyne receiver
architecture has been presented in this article. An antenna array
based on a multiport circuit provides four output signals corre-
sponding to four optimal directions of arrival. The millimeter-
wave frequency conversion is obtained using the proposed I/Q
multiport down-converter, avoiding the use of a costly active

mixer or a high-power millimeter-wave LO (in the case of the
conventional diode mixers). Simulations show excellent demodu-
lation results using high-speed V-band MPSK/QAM modulated
signals.

The proposed multiport heterodyne architecture enables the
design of compact and low-cost wireless millimeter-wave commu-
nication receivers for future high-speed wireless communication
systems, according to the IEEE 802.15.3c wireless standard.
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Figure 10 Demodulation results of high-speed MPSK/QAM signals
using proposed multiport heterodyne architecture
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